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Using proteomic techniques, a study aimed at isolating and identifying proteins associated with
resistance to fusarium head blight (FHB) was conducted on six barley genotypes of varying resistance.
At anthesis, barley spikelets were point inoculated with Fusarium graminearum macroconidial sus-
pensions or mock inoculum. In total, 43 acidic protein spots out of 600 were detected 3 days post-
inoculation to be differentially expressed due to FHB and were identified. Identification of proteins
responsive to FHB included those associated with oxidative burst and oxidative stress response, such
as malate dehydrogenase and peroxidases, and pathogenesis-related (PR). An increase in abundance
of PR-3 or PR-5could be associated with the resistant genotypes CI4196, Svansota, and Harbin, as well
as the intermediate resistant genotype CDC Bold. On the contrary, the susceptible genotype Stander
showed a decrease in abundance of these acidic PR-proteins. In the susceptible and intermediate
resistant genotypes Stander and CDC Bold, as well as CI4196, the increased abundance of proteins
associated with an oxidative response might have prepared the terrain for saprophytic fungal inva-
sion. On the contrary, in the resistant sources Harbin and Svansota we did not observed change in
abundance of these proteins. Not a single significant change in acidic protein abundance could be
detected in Chevron. Three distinct response patterns are reported from these six barley genotypes.
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1 Introduction
Fusarium head blight (FHB) or scab, caused mainly by
Fusarium graminearum Schwabe (teleomorph = Gibberella
zeae (Schwein) Petch), is a severe disease of barley and wheat
grown in humid and semihumid climates [1, 2]. Disease
symptoms develop in the spike tissue and are marked by
premature necrosis and a brown/gray discoloration. FHB
causes significantly lower grain yield, lower test weight,
reduced grain quality, and reduced milling yield [3]. The
fungus also produces trichothecene mycotoxins such as
deoxynivalenol (DON) that are detrimental to both humans
and livestock [4]. These mycotoxins have been implicated in
pathogenesis, phytotoxicity, and the induction of apoptosis in
eukaryotic cell cultures [5–7]. Shriveled grains contaminated
with mycotoxins are commonly observed in susceptible cul-
tivars infected by Fusarium spp. [8]. Infection results in a
significant loss in value for both the producer and the barley
milling industry [1].
Partial control of FHB in barley is through a combination
of management practices and partially resistant varieties.
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Introduction of FHB-resistant barley cultivars would con-
tribute to improved food safety and reduce losses suffered by
barley growers and milling industries. In barley, resistance to
FHB appears to be less variable than in wheat due to fewer
visual symptoms following infection; however, resistance in
wheat has been studied more extensively and has led to the
development of highly resistant cultivars such as Sumai 3. As
a result, the development of FHB-resistant cultivars is a
high-priority breeding objective for many barley breeding
programs worldwide. However, breeding for FHB-resistance
has proven to be a challenge due to the limited under-
standing of the biochemical and molecular mechanisms
involved in plant resistance against infection and spread of F.
graminearum.
Plants delay pathogen growth or resist pathogen attack
by mobilizing a variety of biochemical and molecular defen-
ses [9]. An incompatible interaction between the host and the
pathogen results in the triggering of defense responses
through signaling pathways; these include the production of
ROS (e.g. superoxide radical (O2 ), hydrogen peroxide
(H2O2), hydroxyl radical (OH)), nitric oxide, salicylic acid
(SA), jasmonic acid (JA), and ethylene [10]. Signaling path-
ways activate a broad series of defense responses that control
or eliminate the pathogen. These responses include hyper-
sensitive response, deposition of cell wall reinforcing mate-
rials, and the synthesis of a wide-range of antimicrobial
compounds including pathogenesis-related (PR) proteins
and phytoalexins [11].
Host response to F. graminearum infection has been
studied mainly in wheat [12–14]. Molecular characteriza-
tion of cDNA clones and ESTs from Fusarium spp.-infected
wheat spikes revealed an increase in transcript levels of
many PR-genes [12–14]. Different classes of PR-proteins
including PR-1, PR-2 (b-1,3-glucanases), PR-3 and PR-4
(chitinases), PR-5 (thaumatin-like protein (TLP)), and PR-9
(peroxidases) were induced within 6–12 h following infec-
tion [12–14]. In monocots, exogenous applications of JA to
rice have resulted in the accumulation of transcripts for
PR-1, -2, -3, -5, and -9 which are associated with hyper-
sensitive cell death [15]. Moreover, SA treatments in
monocots have resulted in the up-regulation of PR-2, -3,
and -5 [10, 16, 17]. These findings suggest the occurrence
of crosstalk between the JA and SA pathways during plant
response to pathogen invasion and that defense-related
proteins in monocots are activated after fungal infection
and may play a role in the general defense against Fusar-
ium spp. infection. Similar to findings in wheat, a recent
transcriptome study on the interaction between barley and
F. graminearum has reported the induction of transcripts
encoding defense-related proteins, oxidative burst-asso-
ciated enzymes, and phenylpropanoid pathway enzymes
[18]. A recent metabolome profiling study led to the iden-
tification of groups of compounds that were able to dis-
criminate resistance, and suggested the plausible functions
of metabolites in wheat plant defense against F. grami-
nearum [19].
Proteomic techniques provide tools for studying plant
stress responses and possible mechanisms of plant resist-
ance. Using a 2-DE-based protein separation method, a
global protein expression profile can be generated and com-
pared. One of the major advantages of the 2-DE technique is
that differentially expressed proteins can clearly and repro-
ducibly be detected when infected and uninfected plants are
compared. Proteins showing differential expression between
treatments may have an important role in the response of the
plant to stress. Identification of these differentially expressed
proteins by LC-MS/MS technology can provide insight into
the molecular mechanisms of resistance and underlying
functions of these proteins in determining resistance in bar-
ley plants. In this study, a systematic comparison of acidic
protein profiles among barley spikelets from six genotypes
inoculated with F. graminearum or a mock control was made
at 1 and 3 days post-inoculation (dpi). The objective of this
study was to identify differentially expressed proteins in
FHB-resistant and FHB-susceptible barley genotypes under
infected and uninfected conditions, as well as describe the
possible mechanisms of resistance in a range of barley gen-
otypes.
2 Materials and methods
2.1 Plant growth
Six barley genotypes showing a wide range of phenotypic
responses to point inoculation with F. gramineraum [20] were
used in this study; three barley genotypes representing FHB-
resistant sources (Harbin, CI4196, and Svansota), two culti-
vars of intermediate-resistance to FHB (Chevron and CDC
Bold), and one very susceptible cultivar (Stander). Seeds were
planted in 15-cm pots and placed in a greenhouse at 21/187C
with a 16 h photoperiod until anthesis [21]. Plants were
watered daily and treated once with Tilt™ (2.5 mL/L propico-
nazole, Syngenta Crop Protection Canada, Guelph, ON) dur-
ing the tillering stage and Intercept™ (0.004 g/L of soil, imi-
dacloprid, Bayer Crop Science Canada, Toronto, ON) once
sufficient root development was established to prevent pow-
dery mildew and aphids, respectively.
2.2 Preparation of macroconidia inoculum
A single isolate of F. graminearum strain N2, from an infect-
ed wheat head, (J. Gilbert, Winnipeg, MB, Canada) was cul-
tured on potato dextrose agar (PDA) for 5 days at room tem-
perature. A F. graminearum macroconidial suspension was
produced by transferring four PDA plugs (1 cm61 cm) of
the established fungal culture to 500 mL of carboxy-
methylcellulose (CMC) broth (CMC 15 g, NH4NO3 1 g,
KH2PO4 1 g, MgSO4?7H2O 0.5 g, yeast 1 g, and H2O 1 L).
The culture was incubated on a rotary shaker (150 rpm) at
227C for 2 wk [21]. A hemacytometer was used to count
macroconidia. The F. graminearum culture was diluted with
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water to produce a suspension of 40 000 F. graminearum
macroconidia per milliliter. A mock inoculum was prepared
by diluting sterile CMC broth to the same extent as the F.
graminearum culture.
2.3 Barley spike inoculations
To check the developmental stage of the barley plant, the leaf
sheath was pulled back from the spike, without damaging
the spike and leaf. The macroconidial suspension of F. gra-
minearum was applied to the spikelet using point inoculation
at the anthesis stage. Spikelets were inoculated by carefully
spreading the palea and lemma and injecting 10 mL of 40 000
F. graminearum macroconidia/mL suspension inside the
spikelets using a micropipette [21, 22]. Diluted CMC broth
was similarly applied to spikelets on a separate plant to serve
as a control. Every second group of spikelets per head was
inoculated in the fall 2005. Following inoculation, pots were
placed inside a mist-irrigated greenhouse (95% relative
humidity) for 72 h at 25/217C with a 16 h photoperiod.
Infected heads were harvested at 1 and 3 dpi. Harvested
spikes were immediately placed in liquid nitrogen and
transferred to a 2807C freezer for storage until protein
extraction. Inoculations of two to three spikes per plant were
repeated on three different plants per genotypes.
2.4 Protein extraction and quantification
Protein samples were extracted using the acetone and TCA
method described by Wang et al. [23] as reported by Zhou et
al. [24] with some modifications. Barley spikelets that
received either F. graminearum or mock treatment were
ground in liquid nitrogen in a prechilled mortar. Finely
ground powder was collected in a 50 mL Falcon tube and
weighed. Five milliliters of 10% w/v TCA (T0699, Sigma–
Aldrich) and 0.07% v/v 2-mercaptoethanol (M-3148, Sigma–
Aldrich) was made up in cold (2207C) acetone and was
added to 0.5 g of ground tissue. The samples were incubated
for 1 h at 2207C to precipitate proteins and then centrifuged
for 20 min at 12 0006g. The pellet of precipitated proteins
and debris was washed several times with 5 mL cold 90%
acetone containing 0.07% v/v 2-mercaptoethanol until the
pellet was colorless. A 20 min centrifugation at 12 0006g
was used to pellet the proteins after each wash. Pellets were
air dried for 20 min, and the proteins were resuspended in
1 mL of lysis buffer for 20 min. Lysis buffer contained 8 M
urea (161-0731, BioRad Laboratories, Mississauga, ON,
Canada), 2% CHAPS (BP571-5, BioRad Laboratories),
50 mM DTT (161-0611, BioRad Laboratories), and 0.2% Bio-
lyte carrier ampholytes pH 3–10 (ZM0021, Invitrogen
Canada, Burlington, ON, Canada). After centrifugation at
12 0006g for 20 min to remove debris, the supernatant was
collected and immediately cleaned using the BioRad Ready-
Prep 2-D cleanup kit (163-2130, BioRad Laboratories)
according to the manufacturer’s instructions. A 5 mL sample
was removed for a protein assay and the remaining super-
natant was stored at 2807C until protein electrophoresis.
The Bradford method [25] was used to quantify protein con-
centration. Three biological replicates were completed for
each genotype and treatment.
2.5 IEF and SDS-PAGE
A solubilized protein sample (50 mg for analytical and pre-
parative gels) was mixed with lysis buffer to a total volume of
300 mL and loaded on a 17 cm pH 4–7 BioRad Ready Gel
Strip (163-2008, BioRad Laboratories) with the in-gel rehy-
dration method according to the manufacturer’s instruc-
tions. For the second dimension separation, the strips were
equilibrated for 10 min on a rotary shaker (60 rpm) with 2%
DTT and 2.5% iodacetamide (163-2109, BioRad Labora-
tories). The strips were positioned on top of a 12.5% poly-
acrylamide gel in the presence of SDS and sealed with 1%
agarose. The gels were run for 30 min at 30 mA followed by
5 h at 60 mA using a BioRad Protean II Cell.
2.6 Staining of SDS-PAGE gels
Protein spots were stained with Sypro Ruby (S-12000, Invi-
trogen Canada) and quantified according to the stain manu-
facturer’s instructions. Images from all Sypro Ruby stained
gels were captured using a Typhoon 9400 scanner (GE
Healthcare, Baie D’Urfe, QC, Canada) with the following
scanning settings: scan resolution, 300 dots/cm; photo-
multiplier (PMT), 600 V; normal sensitivity; filters, 610
BP30/Green (532 nm). Protein spots with significantly
altered expression following F. graminearum infection were
manually excised for LC-MS/MS analyses.
2.7 Image analysis
Computer software Phoretix 2D Expression (v2005, from
Nonlinear Dynamics, Durham, NC 27703, USA) was used to
analyze images of Sypro Ruby-stained gels. Three images
representing three biological replicates for 1 and 3 dpi with
F. graminearum or mock inoculum, and for each of the six
barley genotypes were grouped to calculate the averaged vol-
ume of all the individual protein spots. To reduce experi-
mental variation arising during processing of 2-DE, a nor-
malized volume for each individual protein spot was calcu-
lated using 100 times the volume of the protein divided by
the total volume of all proteins detected on the same image.
Warping, matching, and volume comparisons of proteins
among the treatments were generated by the software and
confirmed manually. Both 1 and 3 dpi samples were com-
pared for each of the six genotypes X treatment separately; at
each time point averaged gels of the mock treatment were
subtracted from averaged gels of the F. graminearum treat-
ment, and only gels from 3 dpi were further analyzed. A
minimum threshold of two-fold change in average expres-
sion volumes over triplicates images was set to identify more
abundant or less abundant proteins. For each of the 116
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protein spots identified using the Phoretix 2D Expression
program a t-test was performed and a p-value (p,0.05) is
reported in Table 1 and Supporting Information Table S1. We
defined de novo proteins as those proteins only present in the
F. graminearum treatments, although this kind of change
theoretically describes a maximal increase in abundance.
Proteins showing altered expression were compared among
the resistant and susceptible barley genotypes. Several pro-
tein homologs were identified, indicating limited variance of
protein positioning across the 2-DE gels.
2.8 LC-MS/MS
Excised Sypro Ruby-stained protein spots were sent to the
University of British Columbia Laboratory of Molecular Bio-
physics (URL: http://www.lmb.ubc.ca/analytical.html) or to
the National Research Council of Canada (NRC, Ottawa, ON,
Canada) for LC-MS/MS analysis. According to the NRC pro-
tocol, the proteins were destained and reduced with DTT, al-
kylated with acrylamide, and digested with trypsin (Pro-
mega, Madison, WI, USA). The resulting peptide solution
was analyzed on a Micromass capillary LC (CapLC) and Q-
Tof API US (Manchester, UK) LC-MS system. A peptide cap-
illary trapping (CapTrap; Michrom Bioresources, Auburn,
CA, USA) was used for online desalting, followed by back
flushing onto a 0.0756100 mm peptide map (PepMap) C18
column (LC Packings, Amsterdam, Netherlands). Peptides
were eluted from the column with a 30 min linear gradient
of 3–45% solvent B (solvent B: 97.9% ACN, 2% H2O, 0.1%
formic acid) at a flow rate of ,300 nL/min. The standard
micromass nanospray source with blunt-tip 90 mm od and
20 mm id fused silica emitter was held at 807C, capillary volt-
age 13.4 kV, cone voltage 32 V. Data acquisition was per-
formed in data dependent mode, with up to three precursors
for MS/MS selected from each MS survey scan. The.pkl files
generated by Micromass ProteinLynx software were searched
against the National Center for Biotechnology Information
Non-Redundant (NCBI NR) and the The Institute for Geno-
mics Research (TIGR) protein databases using the MASCOT
MS/MS Ion Search (www.matrixscience.com). Search pa-
rameters allowed for one missed cleavage and set the peptide
tolerance to 61.2 Da and MS/MS tolerance to 60.6 Da with a
carbamidomethyl fixed modification and an oxidation vari-
able modification. A match was considered successful when
the protein identification score was located out of the ran-
dom region of MASCOT.
3 Results
3.1 Protein identification
Approximately 600 protein spots were resolved in the pH 4–7
range on all of the 2-DE gels. Figure 1A shows the total pro-
tein expression profile from FHB-resistant barley genotype,
Harbin, following F. graminearum point inoculation at 3 dpi.
Protein profile changes observed following F. graminearum
inoculation were more significant and only reported for
3 dpi. No results are presented from F. graminearum versus
mock inoculation at 1 dpi. Comparison of 2-DE images from
three biological replicates indicated there were both qualita-
tive and quantitative differences between protein profiles
from F. graminearum and mock-inoculated spikelets in
resistant barley genotypes CI4196 (R), Harbin (R), Svansota
(R), in intermediate resistant CDC Bold (I), and susceptible
Stander (S). No protein difference was significant in inter-
mediate resistant Checron (I). In total, 43 protein spots were
hand-selected based on significant average differences (t-test)
between mock-inoculated samples and F. graminearum-
inoculated samples, differences between F. graminearum-
inoculated samples at 1 and 3 dpi. These protein spots were
observed in at least two of the three gels and identified with
more than two peptides. Table 1 shows the 42 protein spots,
representing 33 different proteins grouped according to an
oxidative burst and defense response, PR proteins, and pro-
teins associated with metabolism and regulation.
3.2 Proteins associated with an oxidative burst and
defense response
Seventeen protein spots were associated with an oxidative
burst response, leading to the identification of 12 different
proteins in four barley genotypes (Table 1). Putative malate
dehydrogenase (gi)34911788) was observed in all four geno-
types. It had lower abundance in resistant Svansota (22.2-
fold), and in susceptible Stander (22.3-fold), and higher
abundance in both intermediate resistant genotype CDC
Bold (3.8-fold) and in resistant genotype CI4196 (13.4-fold).
Cytoplasmic malate dehydrogenase (gi)18202485) showed
2.5-fold reduced abundance in susceptible genotype Stander,
while intermediate-resistant genotype CDC Bold showed
19.7-fold increased abundance. The susceptible genotype
Stander showed a 14.8-fold increase in abundance of cyto-
solic malate dehydrogenase (gi)37928995), and 26.4-fold
lower abundance of glutathione transferase F5 (gi)23504745).
Intermediate-resistant genotype CDC Bold showed a 14.2-
fold increase in abundance of peroxiredoxin Q (Q5S1S6).
Four different peroxidases were identified in three barley
genotypes: peroxidase gi)22587 was 3.1-fold more abundant
in CDC Bold. Ascorbate peroxidase gi)3688398 was more
abundant in CDC Bold (2.9-fold) and CI4196 (6.7-fold).
Another ascorbate peroxidase gi)15808779 was 3.0-fold more
abundant in Stander. CDC Bold showed 8.7-fold increased
abundance of a stromal ascorbate peroxidase (gi)32879781).
Glutathione-dependent dehydroascorbate reductase 1
(gi)6939839), enzymes associated with peroxidases, was
observed only in CDC Bold (4.7-fold increase). A jasmonate-
induced protein (gi)400094) showed higher abundance in
CI4196 (2.4-fold), and a universal stress-like protein
(gi)53791695) was identified in CDC Bold with 2.7-fold
higher abundance. Resistant CI4196, intermediate resistant
CDC Bold, and susceptible Stander presented a higher
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Table 1. Identification of differentially expressed proteins showing a minimum two-fold change in abundance in response to F. grami-
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a) Fold change represents the change in abundance for proteins identified at 3 dpi between F. graminearum and mock inoculation. A
minimum two-fold change was expressed by those proteins identified with LC-MS/MS. The values reported represent the fold changes
of proteins following analysis with the Phoretix 2D Expression program.
b) A t-test was performed to determine the p-value.
abundance of peroxidase precursors, peroxidases, and
malate dehydrogenases. On the contrary, we did not observe
significant change in protein profiles from intermediate
resistant Chevron and resistant Harbin, while resistant
Svansota showed a reduced abundance of one malate dehy-
drogenase (Table 1).
3.3 PR proteins
Only four identified proteins were associated with patho-
genesis (Table 1): three PR-5, TLPs and one PR-3, chit-
inase. TLP3 (gi)75103125) was de novo expressed in resist-
ant genotype Harbin, and TLP4 (gi)5609013) was more
abundant in susceptible genotype Stander (2.3-fold) and in
intermediate-resistant genotype CDC Bold (7.3-fold). Fig-
ure 1B shows an increase in abundance of TLP4 from
intermediate-resistant genotype CDC Bold at 3 dpi with F.
graminearum. TLP7 (Q94649) showed decreased abundance
in susceptible genotype Stander (216.2-fold) and increased
abundance in resistant genotype Svansota (2.5-fold). Chit-
inase 2b (gi)563489), was 33.3-fold more abundant in
resistant genotype CI4196.
3.4 Proteins associated with plant metabolism,
regulation, and unknown functions
Eighteen different protein spots were associated with me-
tabolism, regulation and structure functions (Table 1).
Change in abundance of these proteins was not observed in
more than one genotype. In Stander, two proteins were
found more abundant, a ribulose-1,5-bisphosphate carbox-
ylase/oxygenase (RUBISCO) activase isoform 1 (gi)1167948)
and a protein involved in the photosystem II oxygen-evolving
complex 1 (gi)131344) (8.7 and 2.0-fold, respectively). Three
proteins were less abundant in Stander, a mitochondrial ATP
synthase (gi)47607439), a b-cyanoalanine synthase
(gi)55233175), and a chloroplast fructose-biphosphate aldo-
lase precursor (gi)62732953) (22.6, 22.6, and 22.2-fold,
respectively). In CDC Bold, four proteins were more abun-
dant, an Ubiquitin like protein (gi)28416583), a Mg-chelatase
subunit (gi)847873), a Rubisco activase isoform 1 (gi)167096),
and a type 1 chlorophyll a/b-binding protein (gi)20790) (2.8,
3.3, 2.2, and 11.2-fold, respectively). A cytosolic triose phos-
phate isomerase (gi)2507469) was less abundant in CDC
Bold (27.4-fold). As well, a type IIIa membrane protein
(gi)7488889) and a putative reversibly glycosylated poly-
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Figure 1. (A) Total protein expression profile of barley spikelets
extracted from FHB-resistant line, Harbin, 3 dpi with F. grami-
nearum. This is a representative figure from three biological repli-
cates. (B) Enlarged inlets and expression histograms of a TLP4 from
the intermediate-resistantbarleylineCDC Bold showinganincrease
in abundance following F. graminearum infection (expression pro-
file: 1 is mock protein 3 dpi and 2 is FHB protein 3 dpi).
peptide (gi)75133690) were de novo expressed in CDC Bold.
In Svensota, a UMP/CMP kinase b (gi)6683813) was more
abundant (3.1-fold). In Harbin, a chloroplast inorganic pyro-
phosphatase (gi)46805452) and a phosphoribulokinase
(gi)100796) were less abundant (22.3 and 22.7-fold, respec-
tively). As well, a Histone H4 fragment was de novo expressed
in Harbin (gi)7528175). In CI4196, only one protein was
more abundant (2.9-fold), an actin-depolymerizing factor 3
(gi)29124123). No change in abundance of acidic proteins
associated with metabolism, regulation and structure func-
tions were observed in Chevron.
4 Discussion
A total of 19 different acidic proteins associated with mech-
anisms of resistance to FHB were identified in comparative
2-DE gel-analysis of six barley genotypes. We did not observe
enzymes involved in the synthesis of precursors of the JA,
SA, or phenylalanine-ammonia lyase (PAL) pathways, nor
the altered expression of b-1,3-glucanases (PR-2) at either 1
or 3 dpi, suggesting that JA and SA pathways were activated
within the first 24 h. Limitations of the methodology used
could also explain the absence of such observations: e.g., use
of a narrow pH range of 4–7; threshold limit of 2-DE gels.
However, the acidic proteins identified provided insights into
the diverse barley responses to F. graminearum aggression.
4.1 Proteins associated with an oxidative burst and
oxidative stress response
The high proportion of identified proteins associated with an
oxidative burst and/or oxidative stress response in the six
barley genotypes investigated, indicated that such a plant
defense response was prevalent against F. graminearum. The
plasma membrane of plant cells produces ROS, H2O2 and
O2 , in response to both biotic and abiotic stimuli that play
an important role in plant–pathogen interactions [26, 27]:
(i) it hinders penetration of the pathogen by stimulating per-
oxidase activity and by crosslinking cell walls at the site of
contact; (ii) it poses a stress on the pathogen as well as the
host cell generating the oxidative burst; and (iii) it acts as a
diffusible signal that leads to systemic acquired resistance
(SAR) [28]. High intracellular levels of H2O2 cause the acti-
vation of plant cell death and defense mechanisms during
pathogen invasion [29]. Malate dehydrogenases and peroxi-
redoxin Q contribute in eliminating toxic radicals produced
during oxidative stress [30, 31]. Ascorbate peroxidase (PR-9)
associated with the JA signaling pathway was part of the
main ROS-removing system for cellular protection against
oxidative stress [32].
Overall, we could identify two main oxidative response
patterns (Table 1). In Svansota, Harbin, and Chevron, we
observed no change in the abundance of all reported acidic
proteins associated with an oxidative burst and oxidative
stress responses; i.e., ascorbate peroxidases and other perox-
idases, and malate dehydrogenases (with the exception of
one putative malate dehydrogenase in Svansota). Diverse
explanations could be developed in the absence of change in
these proteins abundance, such as an increased turnover, a
response with basic proteins, an allocation of energy for the
development of other active mechanisms of defense: e.g., PR-
proteins. However, our experimental design cannot support
any of these explanations. In contrast, CI4196 and CDC Bold
showed dramatic increases in abundance (2.9 to 19.7-fold
increase of specific proteins) of the oxidative stress defense
response proteins: e.g., peroxidase precursors and perox-
idases, and malate dehydrogenases. Stander showed similar
response with a large reallocation of malate dehydrogenase
to the cytosol, and increase in oxidative stress response. Such
a massive oxidative burst and plant defense against free oxy-
gen radicals may have direct oxidative action on F. grami-
nearum, but could also lead to a hypersensitive reaction (not
observed in this study). Hypersensitive reaction is a common
mechanism used by plants to contain and confine pathogens
[33]; however, as a saprophyte, F. graminearum infection
would progress even in the presence of dead plant tissue.
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Genetic differences among the six barley genotypes may
provide a possible explanation for the observed disparity
among FHB-resistance [34].
4.2 PR proteins
Although no protein precursors of the JA, SA, and PAL
pathways were identified, a classic model of cereal defense
response reported [35] and the analysis of acidic PR-proteins
observed in this study could provide valuable information
regarding the barley response to F. graminearum attack. The
SA pathway activates selective PR-proteins, and induces
H2O2 accumulation as a signal for SAR [32, 36, 37]. PR-3
(chitinases) and PR-5 (TLPs) are induced in cereals following
treatment with either JA or SA, and PR-1 and PR-9 are only
activated by the JA pathways [10, 15–17].
Svansota, Harbin, and Chevron showed no significant
change in abundance of the acidic PR-9 proteins, while CDC
Bold, CI4196, and Stander showed increases in abundance
for these PR-9 proteins, indicating the possible use of the JA
antioxidant signaling pathway in pathogen defense. Activa-
tion of the JA pathway was not an absolute requirement for
the induction of an incompatible interaction and FHB-
resistance. We could not eliminate the possibility that a
complete analysis of acidic and basic PR-proteins may reveal
activation of basic PR-1 and PR-9 proteins in the resistant
genotypes.
Resistant genotype CI4196 showed a significant increase
in abundance of chitinase 2b (gi)563489; abundance, 0.26%
of total protein). The corresponding gene cht2b was dis-
covered in the barley cultivar Pallas, inoculated with powdery
mildew (Genbank accession no. X78672). Chitinases are
hydrolytic enzymes that inhibit the growth of many fungi in
vitro by hydrolyzing the chitin of fungal cell walls. The oli-
gomeric products of digested chitin can also act as signal
molecules to stimulate further defense responses [14, 38]. An
expression profile for ESTs from highly homologous barley
chitinase II indicated high expression in leaf, spike, and
stem, moderate expression in the sheath, and no expression
in the root seed and flower (http://www.ncbi.nlm.nih.gov/
UniGene/clust.cgi?ORG=Hv&CID=173). The combined
induction of a strong oxidative burst, response to oxidative
stress, and abundance of induced chitinase in CI4196 may
explain its high level of stable resistance.
Three different TLPs were reported in four barley geno-
types. A de novo produced TLP3 (gi)75103125) was observed
in resistant genotype Harbin, Interestingly, a TLP7 (Q94649)
was 2.5-fold more abundant in the resistant genotype Svan-
sota, while considerably reduced (216.2-fold) in the suscep-
tible genotype Stander. An increase in abundance of a TLP4
(gi)56090131) was observed in the intermediate-resistant
genotype CDC Bold and in the susceptible genotype Stander.
Inhibition of fungal growth by PR-5 has been reported, but
varies depending on TLP isoform and the fungal species.
TLP antifungal activity differences among isoforms might
depend on the binding capacity to various fungal (1,3)-b-D-
glucans in vivo, and the interaction with other PR-proteins:
e.g., PR-2 and PR-3 [39]. Chevron did not show activation of
any acidic PR-proteins associated with either the SA signal-
ing antioxidant pathway or the JA signaling pathway for
defense or the use of an alternative mode of defense against
F. graminearum invasion.
4.3 Proteins associated with plant metabolism and
regulation
Proteins associated with metabolism, regulation, and protein
structure also presented altered expression patterns follow-
ing F. graminearum infection. A modification in expression
patterns of these proteins was most likely a byproduct of
invasion while the fungus attempted to acquire resources
from the plant, for growth and survival, in a compatible
interaction. Fructose bisphosphate aldolase identified in
Stander is involved in basic cellular metabolism; b-cyanoala-
nine synthase, identified in Stander, is involved in the syn-
thesis of cysteine, suggesting that the alteration of the amino
acid synthesis and nitrogen metabolism was a result of F.
graminearum infection. A change in abundance of
RUBISCO, photosystem II oxygen-evolving complex, Mg-
chelatase, ATP synthase, and chlorophyll was reported as a
possible result of the reduced photosynthetic potential of the
plant following oxidative stress [40]. A type III membrane
protein which has role in transportation, also showed altered
expression patterns due to fungal infection and the resulting
plant oxidative stress.
4.4 Comparison of defense response among barley
genotypes
Barley genotype responses to F. graminearum inoculation
were diverse and significantly different; a summary of these
responses is presented in Table 1. FHB resistant barley gen-
otype CI4196 had the strongest increase in abundance of PR-
3 and PR-9 proteins, and strong active oxidative burst and
oxidative stress response. Such a response is typical of an
incompatible interaction between a pathogen and the host
plant and indicative of activation of strong and diversified
defense responses. Early-defense responses and the con-
tinued and prolonged production of ROS during an oxidative
burst, may have contributed to activation of chitinase 2b in
the spikelets. The FHB susceptible genotype Stander fol-
lowed the classic model of a compatible interaction, response
to oxidative stress and lack of or delays in PR-protein induc-
tion, and in this particular case a decrease in abundance of
PR-5. Reported acidic protein profile changes suggested dif-
ferent defense mechanisms in the other four barley geno-
types. The most surprising observations were made for
Svansota, Harbin and Chevron, which had little or no acidic
defense protein change in abundance. Only acidic PR-5 pro-
teins had increased abundance or were de novo expressed in
Svansota and Harbin, respectively.
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Intermediate resistant CDC Bold presented similarities
with resistant genotype CI4196, but showed an increase in
abundance of TLP4 (PR-5) instead of chitinase (PR-3), or TLP7
as in Svansota, and did not show an increase in abundance of an
acidic jasmonate-induced protein 1. Our findings suggest that
TLP7 might be more efficient than TLP4 against F. grami-
nearum mycelium. A study of basic proteins or of the timing of
defense response would highlight more phenotypic differences
associated with resistance between these two genotypes. Chev-
ron had no significant changes in defense-related acidic protein
abundance. A study of constitutively expressed defense proteins
might shade light on FHB resistance in barley, and in particular
in Chevron’s response to F. graminearum.
5 Conclusion
To the best of our knowledge, this is the first report of the appli-
cation of proteomic techniques in studying the interaction be-
tween a series of barley genotypes representing various levels of
resistance to FHB and the F. graminearum pathogen. The pro-
teomic investigation of resistant and susceptible genetically
unrelated barley genotypes to FHB revealed different induced
response patterns to fungal invasion. The observed and
deduced responses encompassed an oxidative burst, JA and SA
antioxidant signaling pathways, induction of PR-proteins, and
alteration of protein synthesis, photosynthesis, regulation, and
other metabolic pathways. Our results indicated that the
induced plant defense responses following fungal infection
were diverse among resistant, intermediate and susceptible
barley genotypes. We were able to detect several components of
SAR in the susceptible genotype Stander; such as the produc-
tion of antioxidant proteins, and a decrease in abundance of PR-
proteins. Resistant genotypes CI4196, Harbin, and Svansota
differed in oxidative stress response, but showed a common
induction response of acidic PR-3 and PR-5 proteins. An
increase in abundance of oxidative responses and cell death in
susceptible and intermediate genotypes, induced by the tri-
chothecene producing fungus, might prepare the terrain for
invasion of saprophytic F. graminearum. Transcriptome analysis
and proteome studies of acidic and basic proteins, in response to
the fungus, the trichothecenes, and their interactive effect in
FHB pathogenesis would help to complete the picture of resist-
ance put forth from these 2-DE proteomic studies.
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